Abstract Moisture content data from an infiltration experiment undertaken in the dry main stream bed of wadi Habawnah, south-west Saudi Arabia, are reported. A simple experiment enabled hydraulic properties of the multi-layer soil profile to be inferred through inversion of an unsaturated soil water simulation model. The results indicate a heterogeneous but highly transmissive profile and suggest that significant groundwater recharge will occur from ephemeral wadi flows, at least at that location.
INTRODUCTION
It has been widely recognized that infiltration of ephemeral flows into alluvial channel beds is a characteristic feature of the hydrology of many arid areas (Pilgrim et al., 1988) and is important with respect to flood propagation (Renard & Keppel, 1966) and groundwater recharge (Wallace & Renard, 1967) . However, most studies have focussed on channel reach input-output analysis (Lane, 1985; Jordan, 1977) and most published data have been acquired from the southwestern United States. Little attention has been given to the unsaturated response of wadi alluvium as observed under field conditions and few data are available outside the United States.
As part of a wider study of the hydrology and water resources of five basins in southwest Saudi Arabia (Saudi Arabian Dames & Moore, 1988) , attempts were made to make field observations of the moisture content response of the wadi alluvium. A gravimetric survey in 1986 was largely unsuccessful due to spatial heterogeneity; variations of moisture content due to differences in silt content prevented detailed analysis of temporal variability. In the spring of 1987, two neutron probe access tubes were installed in the main channel of wadi Habawnah (Fig. 1) in anticipation of the 1987 flood season, in the hope that they would remain in place during the passage of a small flood. No flood occurred at the instrumented section that year (although some flows were observed upstream). However, that gave the opportunity for a controlled infiltration experiment to be carried out using the previously installed access tubes. The results of that experiment and the evaluation of the data using numerical simulation are reported here. International boundary The climate of the experimental site can be regarded as typically arid. The mean annual total rainfall is 230 mm and the rainfall regime is characterized by a predominant wet season in spring when monthly totals can be as high as 70 mm, although the number of rain days per month is usually less than 10 (Stewart, 1986) . The mean monthly air temperature varies between 15°C during winter and 35°C during summer. Evaporation from open water surfaces is estimated to range between 4 and over 8 mm day" 1 (Warren, 1986 
THE EXPERIMENTAL AND NUMERICAL ARRANGEMENTS AND RESULTS
The type and severity of upper boundary condition and the size of infiltration area around the access tube were the two main considerations in the design of the experiment. Ponded water was adopted as the upper boundary condition closest to that expected during a flood event. The flooded area was defined by a square metal enclosure 3.0 m x 3.0 m, sunk 0.15 m into the alluvium to provide a surface seal. The selected dimensions of the metal enclosure were a compromise between the logistical constraints of provision of water at a remote site and the requirement for a large wetted area to minimize edge effects on the moisture content advance at the neutron probe site to allow the use of a onedimensional (1-D) numerical model in the simulation stage. The experimental set-up is illustrated in Fig. 2 .
The subsequent results, while demonstrating profile heterogeneity, did not show layers of significantly reduced permeability and hence the onedimensional analysis was considered to be a reasonable first approximation. However, it should be noted that it is likely that air entrapment effects would be much less significant under the experimental conditions than during the passage of a flood.
Following an unsuccessful trial at the site of the first tube, the actual experiment at the second site commenced on 23 August 1987 at approximately 18.30 h with the last measurement completed at 09.00 h the following day. The applied depth of water over the 20 min duration of wetting is shown in Fig. 3 . Standard neutron probe practice was followed in taking the measurements (Bell, 1976) . Readings every 16 s were taken at 200 mm depth intervals up to depths sufficient to define the advance of the wetting front. The experimental moisture content profiles (shown in Fig. 4) suggested that: (a) the residual moisture content values, 0 res , were low as the initial moisture contents ranged from 0.005 to 0.03; (b) the moisture content profiles at the later experimental stages indicated a layered soil structure. However the absence of any significant build up of moisture content at any depth suggested that none of the layers had permeability sufficiently low to act as an effectively impermeable barrier; (c) the advance of the wetting front was fast and therefore high hydraulic conductivity values were expected; and (d) the overall recorded response was reasonable and significant experimental errors were unlikely to have occurred. However, the very low moisture content at 200 mm depth was probably due to escape of neutrons through the soil surface. No correction has been made here; surface effects were not expected to influence measurements at or below 400 mm depth. Soil characteristic properties of the experimental site were not available and the only information was some particle size distribution curves of soil samples taken at a distance of approximately 100 m from the experimental site. Those curves suggested a sandy soil since the average proportion of particle grains with diameter greater than 0.075 mm was 87% by mass. However, since the data available were not suitable for the generation of soil characteristics, an optimization process was employed to define the material properties using in one dimension the two-dimensional numerical model developed in earlier studies (Parissopoulos & Wheater, 1988; Parissopoulos & Wheater, 1990a) . The model is a finite difference representation of the Richards equation, using an iterative alternating direction implicit scheme.
The numerical parameters of the simulation experiments were specified, taking into account where possible the accuracy and conditions of the field Fig. 3 The applied depth of water ponding.
experiment. Therefore the finite difference grid was specified at 200 mm depth increments in recognition of the fact that neutron probe readings represent an integrated response of a sphere of influence of radius 100 to 200 mm. Initial conditions were defined from the initial moisture content profiles while the upper boundary condition was defined from the time-varying water depth inside the metal square, as shown in Fig. 3 , followed by a zero flux condition. The lower boundary was specified as zero flux at a depth of 3.0 m (well below the depth of any moisture content response). The experimental measurements took a finite time and hence simulation results were synchronized as indicated in Table 1 . The time step for the simulations was 1 min. Evaporation and hysteresis effects were not simulated. The relatively short duration of the experiment and the low evaporation flux overnight support the assumption that evaporation was negligible during this period. Hysteresis was excluded because the optimization process for parameter estimation would have become more complex and the large number of uncertainties in soil characteristics were not consistent with the identification of hysteresis effects.
(Hysteresis effects on the wadi infiltration process are discussed elsewhere (Parissopoulos & Wheater, 1990b) .) Automatic optimization methods, although in increasing use in recent years, have a number of limitations (Abeliuk & Wheater, 1990) in terms of convergence and lack of uniqueness, particularly when initial parameter estimates are highly uncertain. For this study, an empirical trial and error approach was considered as more suitable as it leaves more scope for personal judgement in the assignment of parameter values within physically meaningful ranges.
The soil characteristic function adopted (Haverkamp et al., 1977) Kool et al. (1987) and Abeliuk & Wheater (1990) . In the present application, a simultaneous search for optimum values of all parameters was not considered feasible for the multiple-layer identification problem. Therefore soil characteristic functions were optimized only with respect to # sat , 0 res and K sat , which are physically meaningful, while the other parameters were initially taken from the sandy soil presented in the study by Haverkamp et al. (1977) . The 0 res values were specified from the observed initial moisture content profiles, since these represented values which were not only the driest observed during the period of the experiment but also very dry in absolute terms. Thus only two parameters, 0 sat and K sal were left free for optimization for each layer.
An iterative process of optimization showed that the soil characteristics initially adopted were unable to give good simulation results during the final redistribution stages. This was interpreted as an indication that the tails of the soil characteristic curves were inaccurate and so they were corrected by adopting a composite characteristic form (Reeder, 1981) with a less quickly decreasing tail for layers 1, 2, 3, 4 and 5. The corrected tails were specified by tuning the a, /8 parameter values and thus the 6 Tes parameter remained unchanged. As an example the new moisture characteristic curve of the first layer is shown in Fig. 5 . The final optimum simulation indicated an eight-layer profile, the main parameters of which are given in Table 2 . The simulation results are shown in comparison with the measured profiles in Figs 6(a) to 6(f).
DISCUSSION
The results of the simulation are regarded as satisfactory in that they reproduced the observed infiltration profiles at all stages. The parameter values, although specified from an optimization process, sustain physically meaningful values for the specific type of soil. The soil profile was evidently heterogeneous although all layers had characteristics consistent with a sandy and residual moisture contents very low, between 0.002 and 0.015. Those material properties did not represent a unique set of parameters because of the method used for their determination, although they were a physically reasonable set. The transmission of the wetting front in the first 20 min was rapid due to the soil characteristics and the upper boundary condition. Subsequent wetting front advance was partly impeded by the layers of reduced permeability. The redistribution of infiltrated water was also rapid. Therefore, 1.0 h after the end of surface water ponding, the upper layer had drained to a volumetric moisture content of 0.1 (-50% of # sat ) and after 14 h the upper 800 mm of soil had lost approximately 75% of the infiltrated water to deep drainage. The average infiltration rate (including the lateral subsurface losses from the metal enclosure) for the second half of the infiltration opportunity time was 720 mm h" 1 . The consistent match between observed and simulated results also confirmed the validity of the assumption concerning the small impact of evaporation during the simulation period.
The results demonstrated the success of a relatively simple approach to identify wadi bed hydraulic properties. At the site investigated, a highly transmissive profile is present, which implies significant groundwater recharge from surface flows. Parissopoulos & Wheater (1990a , 1991 demonstrated the capability of simulating two-dimensional unsaturated and groundwater response from ephemeral flows given alluvium hydraulic properties.
However, it should be noted that elsewhere in the region, occurrence of silt layers has been observed in the wadi alluvium and the implication is of strong spatial variability in infiltration properties. The relationship between point properties and reach transmission losses is one of several areas requiring further research.
